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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  Carbon  fabric-aligned  carbon  nano¬ 
tube  (CF-ACNT)  acted  as  a  unique 
substrate. 

►  Mn02  and  poly(3,4- 

ethylenedioxy  thiophene)  (PEDOT) 
were  deposited  on  CF-ACNT. 

►  The  ternary  composites  showed 
a  high  Mn02  utilization  of  77.7%. 

►  The  3D  porous  ternary  system 
allowed  large  Mn02  mass  loading 
up  to  3.11  mg  cm  2 

►  A  reasonable  area-normalized 
capacitance  of  1.3  F  cm-2  was 
achieved. 
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3D  porous  ternary  composite  electrodes  have  been  prepared  by  electrodepositing  Mn02  and  poly(3,4- 
ethylenedioxythiophene)  (PEDOT)  successively  on  carbon  fabric-aligned  carbon  nanotube  (CF-ACNT) 
hybrids  for  the  super-capacitors.  Mn02  petal-like  nano-sheets  are  deposited  on  the  ACNT  surface  with 
PEDOT  uniformly  encapsulated  and  interconnected  Mn02  nano-sheets  and  ACNTs.  Cyclic  voltammetry 
shows  the  Mn02  utilization  of  ternary  composites  up  to  77.7%,  which  far  exceeds  that  of  MnCh/CNT- 
based  materials  reported  recently.  Moreover,  the  3D  porous  ternary  system  allows  large  mass  loading  of 
Mn02.  And  the  ternary  composites  can  remain  a  high  Mn02  utilization  of  36%  with  the  Mn02  mass 
loading  up  to  3.11  mg  cm-2  while  achieve  a  reasonable  area-normalized  capacitance  of  1.3  F  cm-2  at 
0.1  mV  s-1.  The  ternary  composites  with  substantially  high  mass  loading  exhibit  an  excellent  rate 
capability  and  cycling  stability,  retaining  over  95%  of  its  initial  charge  after  1000  cycles.  The  excellent 
electrochemical  performances  are  attributed  to  the  synergetic  effect  of  each  component  with  unique 
properties  and  structures:  high  porosity  and  interconnectivity  of  CF,  aligned  ion  diffusion  channels  along 
ACNTs,  ultrathin  MnC>2  nano-sheets  and  the  improved  conductivity  by  PEDOT. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Super-capacitors  or  electrochemical  capacitors  have  attracted 
much  attention  due  to  high  power  density,  fast  charging  and 
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discharging  within  seconds,  superior  cycle  life  time,  and  high 
reliability.  A  variety  of  materials  with  specific  properties  have  been 
investigated  to  explore  the  great  potential  and  applicability  for 
advanced  super-capacitors  with  high  capacity  performance,  such  as 
carbon-based  materials,  transition-metal  oxides  and  conducting 
polymers  [1-4].  However,  previous  attempts  showed  that  the 
electrochemical  properties  of  each  material  separately  for  super- 
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capacitors  were  limited  by  their  intrinsic  structural  shortcomings. 
For  example,  although  carbon  nanotubes  (CNTs)  exhibit  excellent 
properties  including  high  conductivity,  large  surface  area,  good 
mechanical  properties  and  chemical  stability  [5-7],  CNT-based 
electrodes  act  only  as  a  stable  high-surface-area  support  without 
redox  properties,  thus  showing  relative  low  specific  capacitance 
[8-10].  Conducting  polymers  have  high  flexibility,  but  the  huge 
capacity  loss  during  successive  charge/discharge  cycles  restricts 
their  application  for  super-capacitors  [11,12].  In  addition,  Mn02  as 
an  important  family  member  of  transition-metal  oxides  is  generally 
considered  to  be  one  of  the  most  promising  pseudocapacitive 
materials  due  to  high  theoretical  specific  capacitance,  low  cost, 
environmental  friendliness  and  natural  abundance  [6,13,14]. 
Nevertheless,  the  electrochemical  performances  of  Mn02  are 
basically  limited  by  poor  electronic  conductivity  and  dense 
morphology  of  the  oxide  [15,16]. 

To  overcome  the  limitation  of  each  potential  material,  the 
design  of  specific  composites  prepared  by  the  complementary 
combination  of  highly  pseudocapacitive  Mn02,  conductive  CNTs  or 
flexible  conducting  polymers  is  regarded  as  a  powerful  candidate 
for  outstanding  electrode  materials  [17,18].  Based  on  this  structure, 
many  binary  composites,  such  as  Mn02/CNT  [19-23]  and  MnO 2/ 
conducting  polymers  [24,25],  have  been  studied  for  high  electro¬ 
chemical  performances.  However,  Mn02/conducting  polymer 
composites  suffer  from  the  mechanical  instability  and  poor  cycle- 
ability  [26,27].  In  contrast,  binary  composites  of  Mn02/CNT  exhibit 
advanced  electrochemical  performances,  such  as  high  specific 
capacitance,  enhanced  electrical  conductivity  and  good  cycling 
stability,  which  are  attributed  to  the  improved  conductivity  and 
mechanical  property  by  CNTs  [28-30]. 

Despite  great  potential,  the  low  utilization  of  Mn02  at  high  mass 
loading  is  still  a  significant  drawback  of  Mn02/CNT  binary 
composites.  It  is  well  known  that  the  high  transition-metal  oxide 
concentration  and  large  mass  loading  of  active  materials  are 
essentially  important  for  the  high  energy  density  of  electro¬ 
chemical  applications  [31].  However,  dense  morphology  and  poor 
conductivity  of  the  binary  composite  electrodes  due  to  high  mass 
loading  lead  to  the  limited  kinetics  of  charge  transfer  reaction  and 
the  difficulty  in  penetration  of  electrolyte  into  the  bulk  Mn02 
[30,32].  Thus,  the  challenge  with  Mn02/CNT-based  composites  lies 
in  maximizing  their  electrochemical  utilization.  The  approaches 
considered  to  efficiently  improve  the  utilization  can  be  concluded 
to  two  kinds:  assembly  of  ternary  composites  and  formation  of  a  3D 
porous  structure.  On  the  basis  of  the  former  method,  ternary 
composites  of  CNT/Mn02/PEDOT-PSS  [18,33],  CNT-PSS/Mn02/PPY 
[31,34]  and  CNT/Mn02/PANI  [35]  have  been  prepared  with  the 
outstanding  electrochemical  properties  due  to  a  synergetic  effect 
from  the  combination  of  three  components.  The  contact  resistance 
of  the  electrodes  is  minimized  effectively  by  conducting  polymers 
due  to  the  good  interparticle  connectivity  between  Mn02  and  CNTs. 
In  case  of  the  later  method,  various  carbon-based  substrates,  such 
as  carbon  nanofiber  [36],  carbon  cloth  [37,38],  and  CNT-textile 
[10,20]  with  a  3D  porous  network  structure  have  been  used  for 
the  controlled  deposition  of  nano-structured  Mn02.  The  3D  porous 
architecture  not  only  permits  large  loading  of  Mn02  but  facilitates 
easy  access  of  electrolytes  to  the  electrodes,  resulting  in  high 
specific  capacitance  and  good  rate  capability  [39-41]. 

To  further  improve  the  electrochemical  performances  of  MnO 2/ 
CNT-based  composite  electrodes,  especially  the  high  utilization  and 
mass  loading  of  Mn02,  we  intend  to  combine  the  two  concepts  to 
form  a  3D  porous  ternary  system,  which  should  have  large  specific 
surface  area  (SSA),  high  porosity  and  low  internal  resistance.  In  the 
present  work,  the  carbon  fabric-aligned  carbon  nanotube  (CF- 
ACNT)  hybrids  prepared  by  chemical  vapor  deposition  (CVD)  are 
used  as  a  porous  substrate  for  electrode  materials.  The  CF-ACNT 


hybrids  show  high  porosity,  interconnected  network,  ordered 
porous  structure  and  good  electrical  conductivity.  The  strategy  of 
fabricating  a  3D  porous  ternary  composites  is  shown  schematically 
in  Fig.  1,  where  Mn02  and  poly(3,4-ethylenedioxythiophene) 
(PEDOT)  are  successively  deposited  on  CF-ACNT  hybrids.  The 
electrochemical  properties  of  the  3D  porous  ternary  composites 
with  specific  nano-structure  and  synergetic  effects  are  measured  in 
comparison  with  those  reported  in  previous  studies. 

2.  Experimental 

2.1.  Preparation  of  CF-ACNT  hybrids 

The  growth  of  ACNTs  on  CF  was  performed  by  CVD  in  a  reactor 
corundum  tube  furnace.  The  furnace  was  firstly  purged  with  300 
seem  argon  and  heated  to  850  °C  at  5  °C  min-1.  A  feeding  solution  of 
catalyst  precursor  (ferrocene,  0.025  g  mL-1)  and  hydrocarbon 
source  (xylene: ethanol: ethylene  diamine  =  49:49:2)  were  injected 
to  the  chamber  during  60  min  growth  by  a  syringe  pump.  By 
measuring  the  weight  difference  of  CF  with  and  without  CNTs,  the 
mass  of  about  1-1.3  mg  was  obtained  for  CNTs  on  CF  with 
a  geometric  surface  area  of  about  1  cm2. 

2.2.  Preparation  of  CF-ACNT/Mn02  binary  composites 

Mn02  was  deposited  onto  CF-ACNT  hybrids  by  a  galvanostatic 
method  with  a  three-electrode  setup,  where  CF-ACNT,  Pt  foil  and 
Ag/AgCl  were  used  as  working,  counter  and  reference  electrodes, 
respectively.  A  aqueous  precursor  solution  with  0.1  M 
Mn(CH3COO)2  and  0.01  M  Na2SC>4  was  used  as  the  electrolyte,  and 
the  deposition  was  performed  at  a  constant  current  of  1  mA  cm-2. 
To  ensure  the  conformal  deposition  of  Mn02  uniformly  on  CF-ACNT 
surface,  the  precursor  solution  was  introduced  into  CF-ACNT 
hybrids  by  10  min  vacuum  impregnation  before  the  deposition. 
Typically,  the  area  of  the  hybrids  was  2  cm2  and  only  1  cm2  was 
immersed  in  the  electrolyte  for  deposition.  A  small  piece  of  Pt  was 
used  to  connect  the  hybrids  and  the  alligator  clip  to  avoid  side 
reactions.  After  the  deposition,  the  working  electrodes  were 
washed  with  distilled  water  and  then  dried  under  vacuum  at  100  °C 
for  1  h.  The  Mn02  mass  loading  was  evaluated  by  calculating  the 
weight  difference  of  the  working  electrodes. 

2.3.  Preparation  of  CF-ACNT/Mn02/PEDOT  ternary  composites 

PEDOT  was  continuously  deposited  onto  CF-ACNT/Mn02  binary 
composites  with  the  galvanostatic  method  as  described  in  section 
2.2.  Aqueous  solution  consisting  of  0.01  M  EDOT  and  0.005  M  SDS 
was  used  for  the  deposition  of  PEDOT  at  a  current  of  0.5  mA  cm-2. 
And  the  pH  value  of  aqueous  solution  was  adjusted  by  slowly 
adding  p-toluenesulfonic  acid  to  pH  =  1.  The  mass  loading  of  the 
electrodes  was  evaluated  same  to  section  2.2.  The  PEDOT  was  also 
deposited  onto  the  CF-ACNT  under  the  same  condition  for  elec¬ 
trochemical  comparison. 

The  composites  were  defined  based  on  the  various  deposition 
time,  for  example,  the  composite  of  CF-ACNT/MnO2(10)/PEODT(l) 
was  prepared  by  the  deposition  of  Mn02  for  10  min  and  subse¬ 
quently  the  deposition  of  PEDOT  for  1  min.  The  details  of  the 
deposition  time  and  weight  fraction  of  different  composites  were 
presented  in  Table  SI. 

2.4.  Material  characterization 

The  chemical  structure  of  composites  was  characterized  by  X- 
ray  photoelectron  spectroscopy  (XPS),  which  was  performed  with 
a  PHI  1600  spectroscopy  using  Mg  ka  X-ray  source  for  excitation. 
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Fig.  1.  Schematic  illustration  for  the  preparation  of  3D  porous  ternary  composites. 


The  crystal  structure  of  the  composites  was  characterized  by  Bruker 
D8  micro  X-ray  diffraction  (XRD),  operating  at  40  kV  and  40  mA, 
with  Cu  Ka  radiation  (k=0.15,418  nm).  The  nano-structures  of  CF- 
ACNT,  CF-ACNT/Mn02,  and  CF-ACNT/Mn02/PEDOT  were  charac¬ 
terized  by  scanning  electron  microscopy  (SEM)  (Flatchi  S-4800) 
operating  at  15  KV  and  transmission  electron  microscopy  (TEM) 
(FEI-Tecnai  G2  F20)  at  200  KV.  The  element  composition  of 
composites  were  determined  by  energy  dispersive  X-ray  spec¬ 
troscopy  (EDX)  equipped  in  TEM.  Brunauer-Emmett-Teller  (BET) 
surface  area  was  measured  by  N2  physisorption  at  77K  using 
a  NOVA-2000  adsorption  equipment. 

2.5.  Electrochemical  measurement 

The  electrochemical  characterization  of  the  ternary  composites 
was  performed  using  a  CEII660D  electrochemical  workstation 
(Shanghai  CEI  Instrument  Company,  China)  in  Na2S04  (1  M)  solu¬ 
tion.  Ag/AgCl  reference  electrode  and  Pt  counter  electrode  were 
used  in  the  measurement.  Cyclic  voltammetry  (CV)  was  carried  out 
at  different  scan  rates  with  a  potential  window  from  -0.1  ~0.9  V. 
Galvanostatic  charge/discharge  tests  were  measured  at  a  specific 
current  of  1  A  g-1.  The  electrochemical  impedance  spectroscopy 
(EIS)  measurements  were  conducted  in  the  frequency  from  100  kEIz 
to  20  mEIz  with  perturbation  amplitude  of  5  mV  versus  the  open- 
circuit  potential. 

3.  Results  and  discussion 

X-ray  photoelectron  spectroscopy  (XPS)  was  employed  to  study 
the  chemical  structure  of  composites.  Fig.  2  shows  the  identical  XPS 
spectra  of  the  binary  composites  of  CF-ACNT/MnO2(10)  and  the 
ternary  composites  of  CF-ACNT/MnO2(10)/PEDOT(l).  The  presence 
of  manganese  oxide  is  evidenced  by  manganese  Mn  3s  and  Mn  2p 
peaks  along  with  oxygen  O  Is  peaks.  The  S  2p  XPS  transitions 


indicate  that  PEDOT  has  been  deposited  on  the  binary  composite. 
As  shown  in  Fig.  2b,  the  Mn  2p  region  consists  of  a  spin-orbit 
doublet  of  Mn  2pi/2  with  a  binding  energy  of  653.8  eV  and  Mn 
2p3/2  with  a  binding  energy  of  642.2  eV,  which  are  characteristic  of 
a  mixed-valence  manganese  system  [26].  Deconvoluted  Mn  2p3/2 
peaks  at  642.6  and  641.8  eV  are  attributed  to  the  presence  of  Mn4+ 
and  Mn3+  oxide  phases,  respectively  [42-44].  And  the  amount  of 
Mn4+  and  Mn3+  oxide  phases  is  determined  to  be  73%  and  27%, 
respectively,  which  indicates  that  the  dominated  oxidation  state  of 
manganese  oxide  in  the  composites  is  tetravalent  oxide.  The  exis¬ 
tence  of  Mn-oxide  phases  is  also  reflected  in  the  Ols  spectra  shown 
in  Fig.  2c.  The  spectrum  can  be  deconvoluted  into  three  constitu¬ 
ents  corresponding  to  Mn-O-Mn  bond  (529.6  eV)  of  the  tetrava¬ 
lent  oxide,  Mn— O— H  bond  (531.4  eV)  of  a  hydroxide,  and  H— O— H 
bond  (532.7  eV)  of  residual  water  (Fig.  2c).  Fig.  2d  shows  the  XRD 
patterned  of  the  CF-ACNT  and  CF-ACNT/MnO2(10).  The  two  char¬ 
acteristic  peaks  at  37.1°  and  66.3°  (marked  by  arrow)  endorse  the 
presence  of  Mn02,  which  is  consistent  with  the  XPS  analysis  as 
mentioned  above.  The  relative  low-intensity  and  broad  peaks 
suggest  that  Mn02  is  in  amorphous  nature,  which  is  favorable  for 
super-capacitor  applications  [45]. 

Morphologies  of  CF-ACNT  hybrids,  CF-ACNT/MnO2(10)  and  CF- 
ACNT/MnO2(10)/PEDOT(l)  were  observed  by  SEM.  As  shown  in 
Fig.  3  a,  the  vertical  alignment  of  CNTs  with  the  length  of  about 
60  pm  grown  on  CF  forming  a  3D  porous  configuration.  In  the  inset 
of  Fig.  3a,  it  can  be  seen  that  the  ACNT  array  exhibits  a  regular  pore 
structure  and  meso-porous  size,  which  facilitates  the  intimate 
contact  with  electrolyte  solution.  As  described  in  our  previous 
report  [46],  the  interface  between  CNTs  and  CF  showed  the  CNT 
roots  fastened  on  the  surface  of  CF  by  embedded  catalyst  particles, 
leading  to  the  direct  contact  and  effective  charge  transport  between 
CNTs  and  CF.  SEM  images  of  the  CF-ACNT/MnO2(10)  are  shown  in 
Fig.  3b  and  c.  It  is  clearly  displayed  that,  after  the  deposition, 
reticular  and  curved  petal-like  nano-sheets  are  anchored  on  the 
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Fig.  2.  (a)  Surface  scanning  XPS  spectra  of  CF-ACNT/Mn02(10)  and  CF-ACNT/MnO2(10)/PEDOT(l);  (b)  Mn  2p  and  (c)  01s  core  level  XPS  spectra  with  deconvoluted  peaks  for  CF- 
ACNT/MnO2(10)/PEDOT(l);  (d)  XRD  patterns  ofCF-ACNTand  CF-ACNT/Mn02. 


Fig.  3.  SEM  images  of  (a)  CF-ACNT,  (b,  c)  CF-ACNT/MnO2(10)  and  (d)  CF-ACNT/MnO2(10)/PEDOT(l),  respectively. 
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surface  of  the  CNTs  over  the  entire  longitudinal  length.  The  corre¬ 
sponding  TEM  image  (Fig.  4a),  revealing  the  inherent  structure  of 
the  binary  composites,  shows  that  the  transparent  petal-like  nano¬ 
sheets  with  a  thickness  of  few  nanometers  and  a  width  of  about 
70  nm  are  attached  on  the  surface  of  the  inner  CNTs.  The  EDX-1  in 
Fig.  4d  shows  the  resultant  sample  is  composed  of  C,  0  and  Mn 
elements,  corroborating  the  petal-like  nano-sheets  are  Mn02.  The 
uniform  formation  of  Mn02  deposited  on  the  CNTs  is  attributed  to 
the  highly  porous  structure  of  CF-ACNT,  where  the  interstitial  voids 
enable  the  homogeneous  penetration  and  fast  flux  of  MnC>4  ions 
into  the  interior  substrate. 

As  shown  in  TEM  images  (Fig.  4b  and  c),  the  morphology  of 
Mn02  nano-sheets  of  the  ternary  composites  is  unchanged  after  the 
deposition  of  PEDOT,  and  a  polymer  layer  with  a  thickness  of 
nanometer  is  coated  on  both  Mn02  nano-sheets  and  CNTs.  The 
EDX-2  in  Fig.  4d  indicates  the  existence  of  additional  S  element  of 
the  polymer  layer  ascribed  to  PEDOT  phases.  The  SEM  image 
(Fig.  3d)  of  the  ternary  composite  shows  that  PEDOT  uniformly 
covered  the  binary  composite,  interconnected  Mn02  nano-sheets 
and  filled  the  interval  between  Mn02  nano-sheets  and  CNTs.  The 
deposition  of  PEDOT  has  little  influence  on  the  interface  of  Mn02, 
due  to  no  huge  junks  or  aggregates  are  found  in  the  composites. 
Different  from  the  limited  interaction  between  Mn02  and  CNTs  in 
the  binary  composites,  the  ternary  composites  show  a  strong 
interaction  with  the  intimate  contact  between  Mn02  nano-sheets 


and  ACNT,  which  is  beneficial  for  improving  the  stability  of  elec¬ 
trodes.  In  order  to  confirm  the  strong  binding  between  each 
component,  the  ternary  composite  electrodes  were  flushed  vigor¬ 
ously  with  water  repeatedly  and  then  no  exfoliation  or  separation 
was  observed.  This  feature  is  attributed  to  that  PEDOT  act  as  not 
only  the  additional  electroactive  material,  but  also  the  conductive 
binder. 

BET  surface  area  tests  show  the  SSA  of  CF-ACNT,  CF-ACNT/ 
Mn02(10)  and  CF-ACNT/MnO2(10)/PEDOT(l)  are  77,  237  and 
203  m2  g-1,  respectively.  The  remarkable  increase  of  the  compos¬ 
ites  in  the  SSA  compared  to  CF-ACNT  arises  from  the  surface 
coverage  of  Mn02  hierarchical  nano-sheets.  And  the  SSA  of  the 
composites  does  not  decrease  dramatically  after  the  PEDOT  depo¬ 
sition.  Such  porous  structure  and  high  SSA  provide  high  accessible 
area  for  electrolytic  dopant  ions  from  the  electrolyte  to  the  pseudo- 
capacitive  materials. 

CV  was  performed  to  evaluate  the  capacitive  behavior  of  the 
composite  electrodes.  Fig.  5a  shows  the  typical  CV  curves  of  CF- 
ACNT,  CF-ACNT/PEDOT(l ),  CF-ACNT/MnO2(10)  and  CF-ACNT/ 
MnO2(10)/PEDOT(l)  electrodes  at  a  scan  rate  of  5  mV  s_1.  The  CV 
response  of  CF-ACNT/Mn02(10)  is  much  larger  than  that  of  CF- 
ACNT  and  CF-ACNT/PEDOT(l ),  indicating  that  Mn02  is  mainly 
responsible  for  the  high  specific  capacitance  of  the  composites. 
Compared  with  CF-ACNT/MnO2(10),  CV  curve  of  CF-ACNT/ 
MnO2(10)/PEDOT(l)  is  relatively  rectangular  in  shape  and  exhibits 


Fig.  4.  TEM  images  of  (a)  CF-ACNT/Mn02(10)  and  (b,  c)  CF-ACNT/MnO2(10)/PEDOT(l);  (d)  EDX  analysis  on  the  square  area  marked  in  (a)  and  (b)  corresponding  to  EDX-1  and  EDX-2, 
respectively. 


P.  Lv  et  al.  /  Journal  of  Power  Sources  220  (2012)  160-168 


165 


<,  ■ 

+*  0- 
s 
•_ 


CF-ACNT/Mn02(  1 0)/PEDOT(  1 ) 

1 - ' - 1 - ' - 1 - * - 1 - r- 


-0.2  0.0  0.2  0.4  0.6 

Potential  (V) 


0.8  1.0 


200  400  600  800  1000 

Time  (s) 
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a  mirror-like  replication  below  and  above  the  zero  line.  Calculation 
(see  Supporting  information)  based  on  CV  curves  (Fig.  5a)  indicates 
the  specific  capacitance  Csp  values  of  CF-ACNT,  CF-ACNT/PEDOT(l), 
CF-ACNT/MnO2(10)  and  CF-ACNT/MnO2(10)/PEDOT(l)  are  71,  151, 
404  and  481  F  g-1,  respectively.  In  agreement  with  the  CV  results, 
the  charge-discharging  curves  (Fig.  5b)  of  the  composite  elec¬ 
trodes  show  that  the  CF-ACNT/MnO2(10)/PEDOT(l)  exhibits 
a  symmetrical  and  closely  linear  slope  between  -0.1  and  0.9  V  at 
a  specific  current  of  1  A  g-1. 

Maximizing  the  utilization  of  Mn02  is  considered  as  a  challenge 
because  only  Mn02  on  the  surface  can  be  utilized  for  charge 
storage.  The  comparison  of  Mn02  utilization  between  this  work  and 
previous  reports  about  Mn02/CNT-based  composites  is  shown  in 
Table  1.  Because  of  the  contribution  of  CNTs  and  PEDOT  to  the  total 
specific  capacitance  of  composites  is  not  negligible,  the  specific 
capacitance  of  Mn02  component  (Csp(Mn02))  in  the  composites  can 
be  estimated  after  subtracting  the  contribution  of  CNTs  and  PEDOT 
according  to  the  following  equation: 


(Table  S2).  Thus  the  3D  porous  ternary  composites  can  be  devel¬ 
oped  as  the  promising  electrode  materials  for  high  performance 
super-capacitors. 

The  high  Mn02  utilization  can  be  attributed  to  the  nano¬ 
structure  and  synergetic  effects  of  the  ternary  composites.  The 
porous  ACNT  arrays  on  the  flexible  CF  provide  much  larger  SSA  than 
flat  metal  substrate  [18,31,33,34],  foam  substrate  [19]  and  CNT- 
textile  fiber  network  [10,20]  for  loading  Mn02.  In  case  of  the 
same  mass  loading,  the  thickness  of  Mn02  on  CF-ACNT  is  much 
smaller  than  that  of  other  substrates.  Meanwhile,  the  ultrathin 
Mn02  nano-sheets  offer  large  electrochemically  active  surface 
areas  for  charge  transfer  and  reduced  ion  diffusion  length. 
Flowever,  CF-ACNT/MnO2(10)  still  shows  relatively  distorted  CV 
shape  (Fig.  5a)  and  sluggish  charge-discharge  behaviors  (Fig.  5b), 
indicating  the  high  internal  resistance,  which  inhibits  charge 
transfer  at  the  interface  between  Mn02  and  CNTs.  According  to 
previous  works,  the  integration  of  conducting  polymers  into  Mn02/ 
CNT-based  composites  is  an  efficient  approach  to  improve  the 


Csp  (Mn02) 


Csp  (composite)  -  Csp(C NT/PEDOT)  x  wt%(CNT/ PEDOT) 
wt%(Mn02) 


a) 


where  Csp  (composite)  is  the  specific  capacitance  of  the  composites, 
Csp(CNT/PEDOT)  is  the  specific  capacitance  of  the  CF-CNTA/PEDOT 
prepared  with  the  same  deposition  time  to  the  corresponding  3D 
porous  composites,  wt%(CNT/PEDOT)  and  wt%(Mn02)  is  the  mass 
fraction  of  CNT/PEDOT  and  Mn02  in  the  composites,  respectively. 
And  the  Mn02  utilization  =  Csp  (Mn02)/1370  F  g-1.  As  shown  in 
Table  1,  a  high  Mn02  utilization  of  CF-ACNT/MnO2(10)  up  to  71.9%  is 
achieved,  which  is  higher  than  the  values  of  Mn02/CNT-based 
composites  (typically<70%)  in  previous  studies.  The  CF-ACNT/ 
MnO2(10)/PEDOT(l)  with  a  utilization  of  77.7%  outperforms  CF- 
ACNT/MnO2(10)  due  to  the  controlled  deposition  of  conductive 
PEDOT.  It  is  noteworthy  that  the  Csp  (Mn02)  reported  in  most  of 
previous  studies  was  calculated  based  on  the  mass  of  Mn02  alone, 
without  considering  the  contribution  of  the  CNTs  or  conducting 
polymer  to  the  specific  capacitance  of  composites.  This  result 
indicates  that  the  actual  Csp(Mn02)  is  lower  than  the  reported 
values.  In  addition,  despite  of  relative  costly  nano-materials  and 
complex  methods,  the  Mn02  utilization  value  (77.7%)  of  the  present 
composite  electrodes  far  exceeds  that  of  the  electrodes  with  low 
costly  materials  prepared  by  simple  methods  in  previous  studies 


electrical  conductivity  [18,31,33,34].  As  discussed  above,  the 
deposition  of  PEDOT  can  build  an  excellent  conductive  bridge 
across  Mn02  nano-sheets  and  CNTs  facilitating  charge  transfer.  The 
increase  in  conductivity  of  CF-ACNT/MnO2(10)/PEDOT(l)  was 
verified  using  EIS  analysis.  As  shown  in  Fig.  6a,  the  Nyquist  plot  for 
the  CF-ACNT/MnO2(10)  presents  a  high  charge  transfer  resistance 
and  a  Warburg  element  of  the  diffusion  limitation.  In  contrast,  the 
Nyquist  plots  of  the  CF-ACNT/MnO2(10)/PEDOT(l)  suggest  the 
significant  decrease  of  the  charge  transfer  resistance.  Thus,  the 
good  combination  of  CF-ACNT,  Mn02  and  PEDOT  can  maximize  the 
Mn02  utilization  of  the  composites. 

In  order  to  further  investigate  the  effect  of  PEDOT  on  the 
improvement  of  Mn02  utilization,  various  deposition  times  of 
PEDOT  were  applied.  As  shown  in  Fig.  6b,  the  relationship  between 
deposition  time  and  Csp  values  of  the  ternary  composites  at  the  scan 
rate  of  5  mV  s-1  suggests  a  optimum  deposition  time  (1  min)  for 
PEDOT  to  achieve  high  Mn02  utilization.  As  shown  in  the  SEM 
images  of  the  ternary  composites  with  2  and  4  min  deposition  of 
PEDOT  (Fig.  6c  and  d),  the  excessive  loading  of  PEDOT  results  in 
aggregation  and  thick  coating  of  PEDOT  on  Mn02,  which  leads  to 
the  decrease  of  the  interface  area  of  Mn02  for  redox  reaction. 
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Table  1 

Comparison  of  the  Mn02  utilization  of  Mn02/CNT-based  composite  electrodes.  All 
values  are  measured  using  the  three-electrode  system. 


No. 

Composite 

CSp 

(Mn02) 

Mn02 

utilization 

Condition 

Ref. 

1 

CNT/Mn02 

471a 

34.4% 

10  mV  s'1 

[28] 

2 

CNT/Mn02 

557a 

40.7% 

lAg-1 

[36] 

3 

CNT/Mn02 

710a 

51.8% 

2  mV  s"1 

[47] 

4 

ACNT/y-Mn02 

784a 

57.2% 

1  mA  cm 

2  [48] 

5 

CNT/Mn02 

869a 

63.4% 

2.5  A  g"1 

[30] 

6 

CNT/Mn02 

944a 

68.9% 

1  mV  s"1 

[19] 

7 

LbL-CNT/Mn02 

940b 

68.6% 

10  mVs"1 

[10] 

8 

CNT/polypyrrole/Mn02 

281a 

20.5% 

20  mV  s'1 

[31] 

9 

CNT-PSS  /polypyrrole/Mn02 

674b 

49.2% 

5  mV  s"1 

[34] 

10 

CNT-PSS/PEDOT/Mn02 

781a 

57% 

5  mV  s"1 

[18] 

11 

CF-ACNT  /Mn02(  10) 

985b 

71.9% 

5  mV  s— 1 

Present 

study 

12 

CF-ACNT/Mn02(  1 0)/PEDOT(  1 ) 

1065b 

77.7% 

5  mV  s— 1 

Present 

study 

a  Csp(Mn02)  is  calculated  based  on  the  mass  of  Mn02  alone. 
b  Csp(Mn02)  is  calculated  after  subtracting  the  contribution  of  CNTs  or  CNT/ 
conductive  polymer. 


The  electrodes  based  on  MnCh  typically  show  a  small  mass 
loading  (<0.5  mg  cm-2)  due  to  its  low  proton  diffusion  constant 
and  low  conductivity  [41  ].  The  infinitely  small  thickness  and  low 
Mn02  mass  loading  are  basically  acquired  to  achieve  the  high 
specific  capacitance.  However,  the  super-capacitors  with  high 
power  performance  ask  for  a  high  mass  percentage  of  active 
materials  with  respect  to  the  total  mass  of  the  device.  Based  on  this 
requirement,  the  electrochemical  properties  of  the  ternary 
composites  with  high  Mn02  mass  loading  were  studied.  Fig.  7a 
shows  the  MnC^  mass  loading  of  ternary  composites  range  from 
0.71  to  3.79  mg  cm-2  with  the  increase  of  Mn02  deposition  time.  It 
can  be  seen  in  Fig.  7b,  the  CF-ACNT/Mn02(35),  corresponding  to  the 
mass  loading  of  3.11  mg  cm-2,  still  maintains  the  original  petal-like 
shape  of  Mn02  nano-sheets  with  high  porosity.  The  SEM  image  of 


the  CF-ACNT/Mn02(35)/PED0T(1)  displays  that,  similar  to  the 
nano-structure  of  CF-ACNT/MnO2(10)/PEDOT(l),  PEDOT  is 
uniformly  deposited  and  interconnects  Mn02  nano-sheets  and 
CNTs  (Fig.  7c).  However,  when  the  deposition  time  of  Mn02  up  to 
40  min,  the  nano-sheets  of  Mn02  begin  to  merge  together,  which 
influences  the  ion  and  electron  transport  within  the  electrodes 
(Fig.  SI). 

The  Csp  values  and  Mn02  utilization  of  the  ternary  composites 
with  various  Mn02  mass  loading  measured  by  CV  at  5  mV  s-1  are 
shown  in  Fig.  7d.  The  Csp  values  decrease  from  481  to  374  F  g  1  with 
the  corresponding  MnC^  mass  loading  range  from  0.71  to 
3.11  mg  cnrr2.  However,  the  Mn02  utilization  still  remains  high 
value  (36%)  with  a  large  mass  loading  of  3.11  mg  cm-2.  As  indicated 
in  Fig.  7d,  compare  with  others  Mn02/CNT-based  materials  re¬ 
ported  in  the  studies  [28,31,33,47],  the  3D  porous  ternary  system  is 
appreciable  as  indicated  by  the  high  mass  loading  and  reasonable 
utilization.  It  is  worthy  to  point  out  that  the  mass  loading  of  per 
area  is  also  great  important  for  high  area-normalized  capacitance. 
The  area-normalized  capacitances  of  the  ternary  composites  with 
different  Mn02  mass  loading  were  measured  with  a  slow  scan  rate 
of  0.1  mV  s-1  (Fig.  S2).  The  composites  with  a  mass  loading  of 
3.11  mg  cnrr2  obtain  the  area-normalized  capacitance  of  1.3  F  cm-2, 
which  is  one  or  two  orders  higher  than  that  of  Mn02/CNT  materials 
reported  previously  (typically  0.01-0.1  F  cm-2)  [10,36]  and 
comparable  to  the  best  performance  [41,49].  Although  the  area- 
normalized  capacitance  can  reach  higher  values  by  the  increase 
of  Mn02  deposition  time,  other  electrochemical  properties  (such  as 
specific  capacitance,  utilization  and  rate  capability)  decrease 
dramatically  due  to  the  extreme  loading  of  Mn02  and  the  dense 
morphology  of  composites  (Fig.  S2b). 

The  rate  capability  of  the  ternary  composites  was  investigated 
over  a  wide  range  of  scan  rates  from  5  to  200  mV  s-1.  Fig.  8a  shows 
the  increase  in  current  of  the  CF-ACNT/MnO2(10)/PEDOT(l)  with 
the  increasing  scan  rates  and  no  significant  change  of  shape  of  CV 


Fig.  6.  (a)  Nyquist  impedance  plots  of  CF-ACNT/MnO2(10),  CF-ACNT/MnO2(10)/PEDOT(l)  and  CF-ACNT/PEDOT(l);  (b)  Mass  fraction  of  PEDOT  with  the  corresponding  Csp  values  and 
Mn02  utilization  for  ternary  composites  as  a  function  of  the  deposition  time  of  PEDOT;  SEM  images  of  (c)  CF-ACNT/MnO2(10)/PEDOT(2)  and  (d)  CF-ACNT/MnO2(10)/PEDOT(4). 
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Fig.  8.  (a)  CV  curves  for  CF-ACNT/MnO2(10)/PEDOT(l)  at  various  scan  rates;  (b)  Csp  values  of  the  ternary  composites  with  different  Mn02  mass  loading  as  a  function  of  scan  rates; 
(c)  The  variation  of  Csp  values  stability  of  the  ternary  composites  with  cycle  numbers. 
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curves  at  high  rate.  Fig.  8b  shows  that  the  Csp  value  of  CF-ACNT/ 
MnO2(10)/PEDOT(l)  drops  31%  at  a  high  scan  rate  of  200  mV  s_1 
compared  with  that  at  low  scan  rate  (5  mV  s_1).  Moreover,  the  high 
Mn02  mass  loading  does  not  result  in  the  significant  decrease  in 
rate  capability.  The  CF-ACNT/Mn02(35)/PED0T(1)  with  high  Mn02 
mass  loading  of  3.11  mg  cm-2  shows  only  a  50%  loss  of  Csp  values 
with  a  scan  rate  ranging  from  5  to  200  mV-1(Fig.  8b).  This  perfor¬ 
mance  outperforms  others  3D  porous  systems,  where  the 
composites  based  on  CNT  or  carbon  nano-fiber  textile,  which  show 
a  drop  of  the  specific  capacitance  about  77%  [41]  (5-200  mV  s-1), 
60%  [36]  (2-100  mV  s_1)  and  40%  [40]  (2-100  mV  s_1)  with  the 
Mn02  mass  loading  of  about  0.8,  0.33  and  0.25  mg  cm-2,  respec¬ 
tively.  This  result  indicates  the  ternary  composites  exhibit  the 
comparable  rate  capacity  with  a  substantially  high  mass  loading, 
which  is  mainly  attributed  to  the  unique  structure  of  the  ternary 
composites:  (1)  the  3D  porous  nano-structure  and  the  aligned 
channels  of  ACNT  arrays  favor  fast  electrolyte  ion  diffusion  into  the 
interior  region  of  electrodes,  (2)  Mn02  nano-sheets  offer  the  large 
active  surface  area  and  the  short  diffusion  paths  for  cations,  (3)  the 
good  interfacial  contact  provides  continuous  conductive  paths  for 
electrons  [48,50].  In  addition,  the  cycle  stability  tests  over  1000  CV 
cycles  for  the  ternary  composites  were  carried  out  at  a  scan  rate  of 
200  mV  s-1.  Fig.  8c  shows  the  capacity  loss  of  ternary  composites 
less  than  5%  after  1000  consecutive  cycles,  suggesting  that  the 
synergetic  interaction  among  CF-ACNT,  M11O2,  and  PEDOT  signifi¬ 
cantly  improved  the  electrical  properties  and  the  mechanical 
stability  of  electrodes. 

4.  Conclusion 

CF-ACNT/Mn02/PEDOT  ternary  composites  with  a  3D  porous 
structure  have  been  prepared  by  the  electrochemical  deposition  for 
super-capacitors.  The  electrochemical  characterization  shows  that 
the  high  Mn02  utilization  (77.7%)  of  ternary  composite  electrodes  is 
achieved  with  the  Mn02  mass  loading  of  0.71  mg  cm-2.  The  utilization 
of  ternary  composites  can  maintain  36%  with  increasing  the  Mn02 
mass  loading  up  to  3.11  mg  cm-2.  Meanwhile  the  ternary  composites 
with  various  mass  loadings  show  high  rate  capacity  and  excellent 
cycling  performance.  Such  excellent  electrochemical  properties  are 
attributed  to  the  nano-structure  and  synergetic  effect  of  each 
component.  CF-ACNT  acts  as  a  3D  framework  with  an  interconnected 
porous  structure,  Mn02  provides  high  charge  storage  ability  and 
PEDOT  serves  as  a  conductive  bridge.  This  3D  porous  ternary  system 
can  be  generalized  toward  other  transition  metal  oxides,  such  as 
Ru02,  V2O5  and  TO2  for  high  performance  of  super-capacitors. 
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